ABSTRACT: Alkali metal ion exchange (Li + , Na + and K + ) on chromium phosphate (CrPO 4 ) was studied potentiometrically as a function of temperature and metal ion concentration. The shift in the potentiometric titration curves corresponding to the exchange of alkali metal cations increased with increasing pH and concentration of the metal ions, while the opposite results were obtained by increasing the temperature of the system. The affinity of the exchanger for alkali metal ions was also found to be in the order Li + > Na
INTRODUCTION
Whereas the ion-exchange properties of materials such as metal(IV) phosphates (Ahrland et al. 1964; Clearfield et al. 1972; Dollimore et al. 1977; Dorfner 1991; Poojary et al. 1994; Hudson and Workman 1994; Bortun et al. 1997; Varshney et al. 1998) have been extensively studied with particular interest towards alkali metal ions, insufficient information regarding metal(III) phosphates exists in the literature (Betteridge and Stradling 1969) . We have shown that both Fe(III) and Al(III) phosphates behave as weak acid cation-exchangers and possess appreciable exchange capacities towards alkali metal cations (Mustafa et al. 1993 (Mustafa et al. , 1999a ). The present study was, therefore, an extension of this work. Its objective was to examine the ion-exchange properties of CrPO 4 as a cation-exchanger towards alkali metal ions as a function of the concentration, pH and temperature.
EXPERIMENTAL Preparation and characterization of CrPO 4

Method of preparation
Analytical grade reagents were used without further purification. Chromium(III) phosphate was prepared by mixing solutions of chromium nitrate and trisodium phosphate, each being 0.5 M in concentration, according to the reaction: Cr(NO 3 ) 3 + Na 3 PO 4 ¬ ® CrPO 4¯+ 3NaNO 3 (1)
Before commencing the reaction, the chromium nitrate solution was maintained in a thermostatted water bath at 313 K with stirring. After equilibration for 1 h, trisodium phosphate was added dropwise until the pH of the reaction mixture attained a value of ca. 5.0. The reaction mixture was then dialyzed for 10 d with doubly distilled water, following which the suspensions were filtered and washed with doubly distilled water for 6 d. The wet CrPO 4 , which was greenish in colour, was dried at 378 K for 48 h and cooled in a desiccator, ground to a fine powder and passed through a 60-mesh sieve.
X-Ray diffraction studies
X-Ray patterns of the resulting powder samples were determined using a JEOL X-ray diffractometer, JDX-7E model, with Mn-filtered Cu Ka radiation. The FT-IR spectrum of CrPO 4 mixed with KBr crystals was recorded on a Perkin-Elmer 16PC FT-IR spectrophotometer. The surface Cr/P ratio in the sample was determined by means of an electron probe X-ray Micro Analyzer, JXA 733 model (JEOL Co., Japan). The surface area of CrPO 4 was measured by the nitrogen adsorption method, using a Surface Area & Pore Size Analyzer, ST-O3 model. The method of characterization was the same as that reported earlier (Mustafa et al. 1993 (Mustafa et al. , 1999b .
Point of zero charge
The point of zero charge (PZC) for CrPO 4 was determined by mixing 40 ml of 0.1 M KCl with 0.2 g of the solid sample in 100 ml conical flasks. The pH values of the suspensions in the flasks were adjusted from 2.0 to 9.0 at increments of 1.0 pH unit by the addition of either HCl or KOH. The mixtures were then maintained in an end-to-end water bath shaker for 24 h at 303 K. After this time, the equilibrium pH values of the suspensions were recorded by means of a pH meter. The value of DpH (final -initial pH) was plotted against the initial pH to yield the PZC, i.e. the pH at which DpH = 0.
Potentiometric titration of CrPO 4
Background electrolyte (40 ml) along with a 0.2 g sample of the solid was placed in a thermostatted double-walled Pyrex cell. The suspension was initially allowed to equilibrate for 30 min at the desired temperature with constant stirring by means of a magnetic stirrer. After equilibration, the pH of the suspension was measured using an Orion SA 520 model pH meter. A standard solution of metal hydroxide (MOH, M = Li, Na or K) was then added in 0.2-ml increments by means of a microburette. The pH of the suspension was recorded at 2-min intervals as a function of the volume of titrant added. A time interval of 2 min between subsequent additions of metal hydroxide was chosen as an initial rapid change in pH was observed during this time interval. Titrations were performed for three different electrolytes (LiCl, NaCl and KCl) at 0.01 M, 0.1 M and 1 M concentration over the temperature range 283-323 K. Three different metal hydroxides, i.e. 0.1 M LiOH, 0.1 M NaOH and 0.1 M KOH, were used for titration purposes.
RESULTS AND DISCUSSION
Characterization studies
The X-ray diffraction spectrum of a sample of CrPO 4 showed that the solid was amorphous with a surface area of 48 ± 1 m 2 /g, i.e. in the same range as that reported in the literature for other metal phosphates (Szirtes 1984).
The surface Cr/P molar ratio of the sample as determined by electron probe micro-analysis methods was 1.05, in accordance with observations reported elsewhere (Mustafa et al. 1993) .
Scanning electron micrographic analysis of CrPO 4 ( Figure 1 ) showed that the solid had an irregular shape and size, with no definite morphology. Similar findings for aluminium(III) and iron(III) phosphates have also been reported recently by Naeem et al. (2002) .
The sample prepared had a PZC value of 2.56, as demonstrated by the results depicted in Figure 2 , which is comparable in magnitude to that of AlPO 4 (Mustafa et al. 1999b) . The FT-IR spectrum of CrPO 4 depicted in Figure 3 shows characteristic absorption bands for the orthophosphate, , respectively. The spectrum exchibits a broad O-H stretching band at 3000-3500 cm -1 and a weaker O-H bending band at 1660 cm -1 , which can be assigned to the OH stretching vibration of H 3 O + adsorbed at the CrPO 4 surface. Similar results have been reported by Marchese et al. (1994) for metal(IV) phosphates.
The presence of OH -and H 3 O + ions probably results from the dissociation of water adsorbed on the surface of the solid, according to the reaction:
Veith and Sposito (1977) have also suggested the dissociation of adsorbed water (H 2 O).
Potentiometric titration studies
The exchange behaviour of the metal cations Li + , Na + and K + was evaluated using potentiometric titration methods over the temperature range 283-323 K for the systems 0.1 M NaCl + 0.1 M NaOH, 0.1 M LiCl + 0.1 M LiOH and 0.1 M KCl + 0.1 M KOH, respectively. The results depicted in Figures 4-6 show an increase in the pH value of the suspension from the very start of the titrations without any breaks being observed in the curves. This behaviour indicates that CrPO 4 is a cation-exchanger of the weak acid type. Furthermore, the titration curves do not exhibit any plateaux, which suggests that no new phase was formed during the uptake process as has been observed elsewhere (Tegehall 1990 ). These observations further indicate that the alkali metal ions were distributed uniformly in the CrPO 4 gel to form a solid solution rather than existing as clusters in adjacent cavities to form a new phase. These results are similar to those reported for zirconium phosphate by Clearfield et al. (1972) .
The blank titration curves for the electrolyte (KCl, NaCl or LiCl) are also depicted in Figures 4-6 in order to determine the mechanism of alkali metal ion sorption. As is obvious from the curves, a marked shift towards lower pH values occurred in the presence of the solid with the magnitude of this shift tending to decrease with increasing solution temperature. As shown in Figure 7 , increasing concentration of background electrolyte had a positive effect upon the shift. This behaviour indicates that H + ions were liberated from the solid into the aqueous phase in accordance with the following ion-exchange reaction:
where RH represents the exchanger. The shift towards lower pH with increasing concentration of metal cations is a clear indication of the release of additional protons induced by the greater sorption of the alkali metal ions. Similar effects of metal ion concentration on the titration curves of oxides/hydroxides have been reported in the literature (Mustafa et al. 1998 ) and hence the mechanism of alkali metal uptake by CrPO 4 is probably similar to that for the adsorption of metal ions on oxides/hydroxides. The decrease in pH shift with increasing temperature suggests a decrease in proton dissociation from the solid surface (RH) by the alkali metal cations. If this is the case, the sorption mechanism of alkali metal ions by CrPO 4 remains essentially the same as that described for alkali metal sorption on zirconium phosphate (Kullberg and Clearfield 1981). The amounts of replaceable protons responsible for the ion-exchange reaction, as estimated from the difference between the blank run and each titration curve, are depicted in Figure 8 . The data depicted in this figure demonstrate that the affinity of CrPO 4 towards alkali metal cations followed the sequence Li + > Na + > K + . This trend indicates that the exchanger exhibited a preference for ions with smaller ionic radii, since Li + ions were taken up more readily than Na + or K + ions. The selectivity sequence observed here is consistent with that reported for zirconium(IV) phosphate (Kullberg and Clearfield 1981). The exchange capacity of CrPO 4 was 5.5 mequiv/g which is greater than the exchange capacities of tin phosphate (Costantino and Gasperoni 1970) The mechanism of the sorption process can also be determined by applying the law of mass action to the potentiometric titration data over the low pH region in the form (Mustafa et al. 1993) :
where It will be seen that the data for metal-ion exchange depicted in Figure 9 showed a good fit to two straight lines. As equation (4) was essentially derived for the low pH range, the values of n in this region approximately indicated that an ion-exchange mechanism was responsible for the uptake of the alkali metal cations. Similar conclusions were arrived at elsewhere (Mustafa et al. 1993) .
Determination of the deprotonation constant (pKa)
The deprotonation constants for CrPO 4 listed in Tables 1 and 2 were determined (Anderson and Rubin 1981) from the area under the curve of the potentiometric titration data via the equation:
where pK a is the deprotonation constant of the exchanger while a represents the degree of dissociation, i.e. the number of moles of base added at a given pH divided by the maximum number of moles of base consumed to reach the constant pH values in each curve in the presence of the metal cations listed. As expected, the pK a values in Table 1 indicate that CrPO 4 is a weak acid type exchanger. The values of pK a follow the sequence Li + > Na + > K + at all the temperatures. This trend indicates greater deprotonation in the presence of Li + relative to the situation with Na + and K + ions, in close agreement with the affinity of these metal ions towards CrPO 4 . Similar observations have been made for other metal phosphates (Kullberg and Clearfield 1981) .
In addition, the values of pK a generally increased with increasing temperature, indicating a decrease in proton dissociation from the solid surface. The data listed in Table 2 illustrate that the values of the deprotonation constant (pK a ) decreased with increasing concentration of alkali metal cations in the system corresponding to an increase in the dissociation of protons from the solid. Consequently, negative charges were produced on the surface of the solid materials counterbalanced by the metal cations present in the aqueous phase, thereby maintaining neutrality of the solid surface.
Thermodynamic parameters
The values of the apparent dissociation constants were employed to estimate the standard enthalpy and entropy changes by plotting pK a versus 1/T (Figure 10 ) according to the equation: (6) where R is the gas constant [J/(mol K)] and T the absolute temperature (K), while DS 0 [J/(mol K)] and DH 0 (kJ/mol) are the changes in entropy and enthalpy, respectively.
The values of DH 0 and DS 0 were both negative (Table 3 ). The negative values of DH 0 indicate the exothermic nature of the proton dissociation from the exchanger, which was also evident from the potentiometric titration curves of the exchanger at different temperatures given in Figures 4-6 . It is most probable that in case of CrPO 4 each replaceable hydrogen atom was closely associated with one oxygen atom via a covalent bond. The hydrogen ion that was originally dehydrated was rehydrated on displacement to the solution and thereby bound a large number of water molecules. Since the heat of hydration of the H + ion is more exothermic (Clearfield and Kullberg 1974), this produced a negative value of DH 0 for the overall process of exchanger deprotonation. Similar .
Cation-exchange Properties of CrPO 4
157 
The values of DG 0 listed in Table 4 indicate the non-spontaneous nature of the deprotonation process. Furthermore, both the unfavourable enthalpy and entropy changes may also be responsible for the positive values of DG 0 . The increase in the values of DG 0 with increasing temperature also suggest that deprotonation of CrPO 4 at higher temperatures was unfavourable. It is interesting to note that these finding are the reverse of those obtained by us for Al(III) and Fe(III) phosphates (Mustafa et al. 1999b) where an increase in temperature was observed to favour the deprotonation process. The reason for this observation probably lies in the different status of H 3 O + ion hydration in metal(III) phosphates as discussed elsewhere (Mustafa et al. 1999b) .
CONCLUSIONS
From the above, it may be stated that CrPO 4 behaves as a weak acid cation-exchanger possessing ion-exchange characteristics. The maximum exchange capacity of CrPO 4 was observed as 5.5 mequiv/g, which is greater than for other corresponding metal(III) phosphates. Furthermore, deprotonation of the exchanger increased with increasing pH and metal ion concentration, while the reverse was observed on increasing the temperature of the system. The affinity of the exchanger for alkali metal ions was in the order Li + > Na + > K + , similar to that reported for the corresponding metal(IV) phosphates. Since the solid was comparable in sorption properties to metal(IV) phosphates, it may be employed for the selective removal of metal cations from wastewaters. The presented results also provide an insight into the interaction of metal cations with CrPO 4 which may be formed as a result of the reaction of the phosphate ion with the Cr(III) ion present in passivated stainless steel.
